ABSTRACT: This paper presents an educational software tool, called wtControlGUI, whose main purpose is to show the applicability and performance of different decoupling control strategies in wind turbines. Nowadays wind turbines are a very important field in control engineering. Therefore, from an educational point of view, the tool also aims to improve the learning of multivariable control concepts applied on this control field. In addition, wtControlGUI allows for testing and control of a lab-scale system which emulates the dynamic response of a largescale wind turbine. The designed graphical user interface essentially allows simulation and experimental testing of decoupling networks and other multivariable methodologies, such as robust and decentralized control strategies. The tool is available for master degree students in control engineering. A survey was performed to evaluate the effectiveness of the proposed tool when used in educational related tasks.
INTRODUCTION
Multiple-Input-Multiple-Output (MIMO) processes are common in industry. Wind turbines can be considered multivariable processes. There are several control strategies for these kinds of processes and several options to tune the controllers that are part of such strategies. Thus, analysis of MIMO processes is considered to be of fundamental interest for control engineers, and MIMO control strategies have been and are still, widely investigated. In general, MIMO control systems can be classified into centralized and decentralized control systems. Centralized control techniques are used when the interaction level between the process variables is so high that the problem cannot be solved with decentralized control techniques.
Multivariable control methodologies with decoupling networks presented in this work, called decoupling control, are involved in the category of centralized control techniques.
Wind turbines can work in several operational modes depending on the wind speed: cut-in (I), partial load (II), transition (III), full load (IV) and cut-out (V). Figure 1 illustrates these regions. This figure shows the ideal power curve of a wind turbine.
Figure 1 Wind turbine operation modes
Many multivariable control methodologies have been implemented in wind turbines, from traditional decentralized Proportional-Integral-Derivative (PID) controllers [1] to more advanced techniques, such as fuzzy logic controllers [2] , neural network-based controls [3] , model predictive controls [4] , robust controls [5] , optimal Linear Quadratic Gaussian (LQG) controls [6] , and Linear Parameter Varying (LPV) controls [7] , which indicates the interest that has been and continues in this field.
Traditionally, these kinds of processes have been controlled using single-loop PID controllers [8] . This approach is suitable when the interaction is moderate [9] . Nevertheless, when the interaction level is more significant, the system performance can be deteriorated. These interactions are particularly greater in the transition mode (III), between partial load (II) and full load (IV). Therefore, in these cases, more complex multivariable control strategies such as multivariable centralized control can be advisable to reduce the interactivity between variables [10] . It is important to note that controllers with decoupling networks try to achieve a good performance not only in the transition mode but also in all operational modes.
Large-scale wind energy has become an established technology within the social concerns to find an increase in clean and sustainable energy. In many countries, different regulations have been established to implant this technology [11] . These regulations, as well as its modifications condition the wind turbines and wind farms design and implantation. The wind energy industry promotes the demand of qualified electronic, electrical and control engineers who can understand and cope with the difficulties inherent in the wide range of disciplines and the different scenarios involved [12] . From an educational point of view, the traditional lectures and customary laboratory teaching do not seem to be an optimal approach for such a dynamic and complex field.
Modelling and dynamic simulation are now considered basic tools to strengthen the theoretical aspects in the engineering teaching [13] . Nevertheless, in situ experimentation with a real plant cannot be replaced by simulations, and the practical teaching needs to be based on real aspects which occur in industrial systems. Experience has shown that students are more motived to learn new concepts if they are faced with real-life industrial applications [14] .
In this aspect, the main objective of this paper is to propose an educational software tool developed in the Matlab/Simulink environment [15] to support the learning of theoretical concepts of decoupling control.
At the same time, the users are confronted to design and check a multivariable control system which regulates a lab-scale wind turbine. This lab-scale system emulates a large-scale one, essentially in the mechanical component.
LAB-SCALE SYSTEM DESCRIPTION
The wtControlGUI educational software tool can be connected with a lab-scale variable-speed variablepitch (VS-VP) wind turbine. This wind turbine emulates faithfully the dynamic response of a large-scale one. The lab-scale wind turbine includes a rotor with two blades and direct coupling without gearbox to a permanent magnet DC electric generator (Figure 2 ). This feature supposes a technology simplification of the process respect to large-scale wind turbines, which facilities the learning and study of the electrical component of the system. The rotor and the electric generator are placed in a small wind tunnel which incorporates four platens to channel the wind flow to the blades. The wind speed profile is emulated with a three-phase fan. The wind flow coming from the fan crosses a grille to convert the turbulent flow in laminar flow. The main technical parameters of the equipment are listed in Table 1 . 
WIND TURBINE MODELLING
This section is devoted to present briefly the general physical modelling which describes the behaviour of a wind turbine. At the same time, the mathematical relation between the variables which act as control and process variables is shown. A detailed explanation and description of wind turbine systems can be consulted in [17] , [18] , [19] .
Roughly speaking, the general structure of a wind turbine is composed of a mechanical subsystem and an electrical subsystem [20] . The first one consists of a turbine rotor, which includes the aerodynamic components, a gearbox (if any) and the low-speed and high-speed axes. The electrical subsystem consists of a generator unit, which can be split in the electric generator and the static converter. The static converter is connected to a load or grid. Next paragraphs summarize the physical description of these two subsystems, specifically considering the lab-scale wind turbine used in this work.
Mechanical subsystem description
Assuming a rigid speed shaft and direct coupling between the rotor and the electric generator, a one-mass model can be used to describe the dynamic of this subsystem [21] .
(
where is the rotor speed, is the electromagnetic torque of the generator and is the aerodynamic torque. is the total inertia moment. The aerodynamic torque is generated by the wind forces and it depends on the aerodynamic properties of the turbine [22] . The torque is given by the nonlinear expression,
where is the radius of the rotor, is the wind speed, and is the tip-speed ratio (TIP), which is defined as the ratio between the linear blade tip speed and the wind speed.
The power coefficient, , , depends on the tip-speed ratio and the blade pitch angle , is the most important parameter for the design of the wind turbines control systems, especially in the power regulation case [23] . This coefficient considerably contributes to the non-linear nature of the system. In practice, it is difficult to obtain and is different for every wind turbine. In this study, a polynomial fitting was carried out from experimental data. By extrapolation techniques, it has been possible to obtain a three-dimensional representation of this power coefficient as a function of the tip-speed ratio and the pitch angle. Figure 3 shows the corresponding surface for the experimental power coefficient of the lab-scale wind turbine. As it is shown in Figure 4 , the optimal point is achieved at a tip-speed ratio of 6.8 and pitch
angle of 1º. polynomial fitting
Electrical subsystem description
As mentioned before, the lab-scale wind turbine used in this study has a permanent-magnet DC electric generator. The electromagnetic torque can be modified by controlling the armature current according to (4) . Therefore, a change in the generated torque conditions causes a change in the electric power conditions, as indicated by equation (5). The parameters and represent the efficiency and the torque constants of the electric generator, respectively.
The armature current flows across the load. Modifying this current causes changes in the generated torque and the electric power. This requires having a variable load [24] . In this case, a variable load resistance was implemented by using the pulse-width-modulation (PWM) technique. Using a 2 KHz PWM signal generated by a microcontroller, the apparent resistance can be modified as a function of the duty cycle between the nominal resistance (100% duty cycle) and open circuit (at 0% duty cycle). Hence, increasing the duty cycle decreases the resistance, producing a larger current to flow through the generator, which increases the generator torque.
DECOUPLING CONTROL
This section describes the multivariable control structures with decoupling networks implemented in the tool. The decoupling control techniques proposed in this tool are based on linear systems. Thus, linear plant models were identified in different operating points. The identification process and the transfer function matrices of the linear models can be consulted in [25] . The linear models are defined according to (6) , where G s is the process transfer matrix, and G s is the disturbance matrix associated with the wind speed input.
The process inputs are the blade pitch angle, , and the duty cycle, . In the lab-scale wind turbine, the pitch angle ranges from 0º to 25º and the duty cycle from 0% to 100%. The process outputs are the rotor angular speed, ω , and the generated electric power, P . From a control point of view, the wind speed, , represents a disturbance input for the process.
A centralized control system with a decoupling network can be designed by combining a diagonal controller, , with a decoupling network, , such that the diagonal controller sees the apparent process • as a set of n completely independent processes.
A decoupling scheme can be static or dynamic. Although there are many decoupling methods, most of them use a conventional decoupling scheme in which the process inputs are derived by a time-weighted combination of feedback controller outputs. Figure 5a shows the 2x2 conventional decoupling scheme where and are the process outputs, and are the process inputs, and and the reference signals. In the inverted decoupling scheme (Figure 5b ), the process inputs are fed back to the decoupling network inputs through decoupling elements to be combined with the controller outputs. Depending on the decoupling network, different apparent processes can be obtained. These decoupling schemes are explained in the following.
Dynamic simplified decoupling
In dynamic simplified decoupling, elements of the decoupler, generally the diagonal ones, are set to unity. For a 2x2 system, the general expressions of the decoupler, , and the diagonal apparent process, , are cited in [26] and showed in (7)- (8) .
Static simplified decoupling
Static simplified decoupling is a version of simplified decoupling that only decouples the process at the stationary state. The decoupler is only calculated with the information of the steady state gain of the process according to (9) . It is observed in (10) that non-perfect decoupling is obtained because the offdiagonal elements of are non-zero.
Inverted decoupling
Using the structure of inverted decoupling (Figure 5b ), it is possible to obtain an apparent process in that is as simple as the diagonal elements of , while the decoupler elements are the same as those of the dynamic simplified decoupling [13] . In inverted decoupling, the entire decoupler, , is divided into two matrices: a diagonal matrix, , in the direct path and an off-diagonal matrix, , in a feedback path. The expressions of the decoupler matrices and the corresponding apparent process appear in [26] and they are showed in (11) and (12) . 
OTHER CONTROL METHODOLOGIES
WtControlGUI allows comparing the decoupling control strategies with other multivariable control methodologies. A decentralized control and robust control strategies were also implemented. In this section, these strategies are briefly described.
Traditional decentralized PID control
For pure decentralized control, the scheme depicted in Figure 6 is used. The process model is represented by the blocks. This control scheme uses PID controllers, represented with and blocks for each control loop. The wind speed disturbance is considered in the scheme with the and blocks.
Figure 6
Decentralized PI control scheme
Robust control
The multivariable robust controller design problem can be formulated as an optimization problem through the so-called S/KS/T mixed sensitivity configuration [27] . This configuration is shown in Figure   7 . P(s) is the extended plant, where represents the wind turbine model, the controller, represents the set of control signals, the exogenous signals, the measured variables and the error variables.
Figure 7 S/KS/T mixed sensitivity configuration
The matrices , and are the weighting matrices of the configuration, which allow specifying the range of relevant frequencies for the closed loop transfer matrix .
The selection of these matrices has been accomplished following the design rules specified in [27] .
is a square diagonal matrix, where the diagonal elements are described by expression (14) . In this expression, is the crossover frequency of the diagonal elements of , and are the gains at high and lows frequencies, respectively. The parameter adjusts the response speed of the outputs. 
is a square diagonal matrix with all its diagonal elements with the same transfer function.
is a transfer function which must be stable, minimum phase, with high gain at high frequencies, and with magnitude greater than the maximum singular value of the uncertainty computed for each non-nominal model [28] .
•
The matrix is obtained as square diagonal matrix of transfer functions 0 0 (16) For practical purposes, , and represent three tuning parameters to adjust the robust controller. The aforementioned expressions can be defined in wtControlGUI tool.
TOOL DESCRIPTION
This section is aimed to describe the main features of the interactive tool. The can be downloaded from http://www.uco.es/grupos/prinia/sergio-fragoso-herrera/, and the simulation mode can be tested. This tool is in harmony with other educational tools for the study of control engineering. For instance, in [29] , [30] some similar interactive tools are referenced, which were developed with the collaboration of the University of Cordoba and National Distance Education University in Spain.
The main idea was not only to obtain a tool for analyzing the performance of multivariable decoupling control strategies, but also to develop a tool sufficiently educational. This tool must be useful for the assimilation of the basic concepts of decoupling control and the wind generation process.
The main window is depicted in Figure 9 . It is divided in several differentiated parts (a-g). The work flow with the tool is divided in several stages and is described by Figure 8 . 
Time specifications for the simulation and experimental test (b).
It is necessary previously to set the duration in seconds of the simulation and experimental tests.
Operating point selection (c).
As mentioned before, the lab-scale wind turbine has been identified in five operating points, which are represented in different regions of Fig. 1 . In particular, there are two points in the partial load region, at wind speeds of 6 m/s and 7 m/s; one point in the transition region at 8 m/s; and finally, two points in the full load region, at 9 m/s and 10 m/s. In the main window, the ideal curve graph appears and the user can observe the location of each operating point.
By clicking on the Process scheme button, the user can observe the general block scheme of the process and identify the inputs and outputs of the system, the blocks that form the wind turbine model and the wind disturbance model. By clicking on the Transfer function matrix info. button, it is possible to observe numerically the transfer function matrices in accordance with the process block scheme for the selected operating point. Together with these matrices, the Relative Gain Array (RGA) is also displayed. The RGA allows quantifying numerically the interaction level between input and output variables.
4.
Step change specification (d). One objective of wtControlGUI is to verify the interaction effects between the wind turbine variables, as well as to show how decoupling control strategies can reduce these effects. The most simple and intuitive way to prove the interaction level between variables is to produce a step change in the set-point for the output variables. In this section, the user should specify the initial set-point for each output variable, the new set-point and the step change time. The new values for the set-points should not be greater than ±15% with respect the initial value. With this restriction, problems with the range of validity of the linear models are avoided. The set-points are automatically adjusted when the operating point is selected.
Wind speed profile creation (e).
The tool also allows reproducing a wind speed profile, which is based on [31] . If the Wind speed profile button is clicked, a new window appears to select and configure the wind speed components (Figure 10 Figure 11 depicts this window. The reason of including two control strategy windows is due to the ease of comparing the dynamic responses when modifying the strategy and its control parameters.
When one of the decoupling control strategies is selected, the associated decoupling matrices can be shown by clicking on the Decoupling matrix info. button. In addition, the tool allows the user to observe the block scheme of each control strategy, by clicking on the Control strategy scheme 
Illustrative example
There are different comparative scenarios that can be illustrated with wtControlGUI. The aim of this illustrative example is to show how the decoupling techniques can reduce the interaction effect between variables when the system is controlled and can improve its performance. This example shows the tool as a platform for obtaining simulation and experimental data.
Specifically, the dynamic simplified decoupling control and decentralized control have been compared in the transition region. This region is reached with a wind speed of 8 m/s for the lab-scale wind turbine. In this region, the interaction between variables is greater, as shown in the RGA analysis in Table 2 .
Considering this aspect, this operating point could be the most problematic point for the control strategies that do not take into account the coupling problem, such as decentralized control. In (17) and (18) the matrices of the linear model in the transition region are presented, according to (6) .
These matrices are displayed if the Transfer function matrix info. button is clicked. 
By expression (7), the decoupling matrix of the dynamic simplified decoupling is showed in (19) . As mentioned before, this matrix can be observed by clicking on the Decoupling matrix info. button, located inside the control strategy design window. In this operating point, the initial set-points are 1746 rpm and 6.6 W, respectively. At 100 seconds of simulation a step change of -1 W in the set-point of the generated power is established. In the same way, at 800 seconds of simulation the set-point of the angular speed is modified and decreased in 200 rpm.
Simulation results are shown in section g of Figure 9 . As can be seen from the plots, the dynamic simplified decoupling (blue line) reduces the disturbance effect with respect to the decentralized control strategy (green line) when a step change occurs.
If the Save data check box is selected, the last results are saved in a mat-file. This option allows processing off-line the results of several simulations and experimental tests and comparing more than two strategies simultaneously. Nevertheless, the performance achieved by the decoupling control strategies is slightly better than that obtained by the robust control. Table 3 summarizes the performance indices which confirm the quantitative improvement obtained for the decoupling techniques. 
ASSESSMENT AND EVALUATION
According to Balchen et a.l [32] , a good laboratory experiment should include a pedagogical guidelines:
to demonstrate important theoretical ideas, reflect important real-life problems, give a good visual sensation, have a suitable time scale, and be easy to understand and use. The educational tool together with the lab-scale wind turbine addresses these requirements in several ways.
 Theoretical ideas: With this tool, the students in a control engineering subject can strengthen basic concepts in process control such as: MIMO control structures, robust control, the design of PID controllers for the control of a MIMO system, modelling of a system (wind turbine). On the other hand, to learn new and more advanced control concepts, such as decoupling control methodologies.
 Real-life problem: Wind turbine control is a very important field for control engineers because nowadays the Wind Energy Conversion Systems (WECS) suppose a high percentage in the power generation to world level. In this sense, the tool allows interconnecting with a lab-scale system which emulates the main control difficulties of real wind turbine and the students are confronted with real problems.
 Visual sensation: The graphical user interface is structured coherently. The information displayed in the main window was reduced as much as possible to facilitate the navigation.
 Suitable time scale: The simulation tests are practically immediate whereas the experimental tests take approximately 40 minutes, less than a traditional practical session (2-h).
 Easy to understand and use: The graphical user interface has been designed to be user-friendly.
However, the students are guided in using the tool by the teacher, who will explain in detail the state flow shown in Figure 8 .
Enrolled students in the course of Control Engineering in the Automatic Control Engineering degree, at the University of Cordoba, were required to submit an electronic questionnaire to the teacher.
Through practical session, this questionnaire, the students were asked to express their anonymous opinion of the tool with the aim to analyze the contribution of the tool on the learning process of decoupling control applied on wind turbines. The assessment and evaluation carried out is based on [13] , [33] , [34] , [35] .
Questionnaire items are combined in four subscales: "Learning value", "Value added" and "Design usability and easy understanding of the tool". In the following, the purpose of each item is described:
 Learning value includes questions that try to reflect student's perceptions of how effectively is the software tool designed to learn about decoupling control concepts and its applicability in wind turbine processes.
 Value added tries to evaluate the use of the tool and the lab-scale wind turbine in the sense of theoretical lecture complement.
 Design usability and easy understanding of the tool focuses on student's perceptions of the ease and clarity to navigate through the graphical interface.
Results
The questionnaire is summarized in Table 4 . Learning value subscale encompasses the first three items.
The next four items are related with Value added. The last three items evaluate the Design usability and easy understanding of the tool. In Table 5 , the responses of the students are given. These responses were rated as strongly agree, agree, neutral, disagree or strongly disagree. Were you able to work through the experiences in a way that could not have been possible by attending to a traditional lab? Q6
Were you able to understand the possibility of application of different control strategies over renewable energy systems, such as wind turbines? Q7
Was the level of interactivity in the tool adequate? Design usability and easy understanding of the tool Q8
Was the wtcontrolGUI easy to understand and use? Q9 Did you think that the graphical user interface is user-friendly? Q10
Were the ideas and concepts with the tool clearly presented and easy to follow? 
Figure 13 Student survey answers

CONCLUSIONS AND FUTURE WORK
This paper has presented and educational software tool specifically focused on decoupling control techniques applied on wind turbines. The developed tool provides different functionality modes, where the connection with a lab-scale system is possible. This makes it ideal for using in pedagogy, especially for control engineering practical laboratories.
Student feedback and assessment data indicate that the learning objectives were achieved. The student response was satisfactory, showing a high degree of interest for the use of the tool in understanding decoupling control concepts and the advantages of their application.
Future work will be mainly focused on adding new functionalities and interactivity to the tool. In this sense, in order to provide a better comparison between control strategies, a robustness analysis will be included.
